US 20030091116A1

a9y United States

a2 Patent Application Publication o) Pub. No.: US 2003/0091116 Al
Yap et al. 43) Pub. Date: May 15, 2003

(54) TIME-INTERLEAVED DELTA SIGMA Related U.S. Application Data

ANALOG TO DIGITAL MODULATOR
(60) Provisional application No. 60/332,373, filed on Nov.

(75) Inventors: Daniel Yap, Thousand Oaks, CA (US); 15, 2001.

Joseph F. Jensen, Malibu, CA (US)
Publication Classification

Correspondence Address:

Richard P. Berg, ESQ. (51) Int. CL7 e, HO04B 14/06
c¢/o LADAS & PARRY (52) U.S. Clioo s 375/247
Suite 2100

5670 Wilshire Boulevard (57) ABSTRACT

Los Angeles, CA 90036-5679 (US) _ .
A Delta-Sigma Analog-to-Digital Converter (ADC) that can

(73) Assignee: HRL LABORATORIES, LLC have a very high sampling rate (over 100 GHz) and which
1s preferably optically sampled to help achieve its very high
(21) Appl. No.: 10/280,416 sampling rate. The sampling rate can be many times higher
than the regeneration speed of the electronic quantizers used
(22) Filed: Oct. 25, 2002 in the ADC.
Opticai .
Sampling 3031 M Ay Ry A
Pulses Pi ~._L R ot Delta-Sigma
i e (A, e e e e -—-—
"~ 302 308 - Modulator 300
' J I/
—y 4 |
>+ / MOD
X (1), . M | 310 :
R I
: \\ . A a8 . _ : Quant Digital
I \ \ Ontical WDM Optical WDM M 311, 390 | dantizer Sequencer
: | Splitter 333 Splitter 309 /f 3,14*- 3186, 1 : \
! ""\ \ M | hg] Ml 831y e h, | ;' N i e L— Y
. ~ PD PB—— Q (——» Digital | [
, ~.\ \ | L — e : {_ Filter —§1—] {,}/’
I \ T | 330,
\ v
: \ PCG DAC o1a : 302, 334,
' q-d
| | \ 332, ey B1% 316,320, ' !
: \ - 331, po{ el @ -t Dista
~ | R ——— -G
: n \ — ] || Filter | b {D
L\ e b < 330, /
I — — x
a Pee | __DAC 302, 334
| . 318, :
| ‘332 |
l \ < |
: .
. \ 311, 4. 318, 3z, i
' 331, \4 / / | ' |
, S N e R N
l ~.1 332,  PDr— PE Q [ Digital 1 g Ly 3}
: L4 L _ i | ‘ Filter | —— \\J/
, r [ | | 330, /
| \{;CG 'j | DAC [ 302, 334, |
| " |



US 2003/0091116 A1l

8L m_._.U

ISLUBAUOD 1814
v 01 SSed MOT

| 8JnbI14

gLt il

ipzueny) |je— A°USPEDIG
| as|ind
\

_ ~vel o5 20}

_ lg|dwes

Obb——  ou0j0yd LHI 10}e108]

13|l

001 — 0zi—r()g WX

21| —89IN0g as|ndwi
o][i[e)le]F]X

Patent Application Publication May 15, 2003 Sheet 1 of 7



Patent Application Publication May 15, 2003 Sheet 2 of 7

ANARL_OG

INFPUT

SARAMELE R

BIPOLRK

THICKF IULM BIPOLAR CrO5S

Figure 2a  prora

US 2003/0091116 Al
PRTH 1 _ g
FARATH 2 1§  S0a Ms-s
PATH 3 _ r 1
PRTH 4 ™M 15—
PATH & _ M
PATH 2 7L 1 G- s
PATH 3 _ [\
PATH 4 [
PATH 1 _ 1
PATH 2 1 1.7 ¢ Gs-s
PATH 3 L
PATH 4 [} L
t—
2 nS

F igu“re 2D  Prior Art




e - S aw Gy Wy By W
II_.I.I_-II.I.IIlllllllliiilllilillillliIl_l
-y e ey W W e

US 2003/0091116 A1l

_
N : "SL¢
momp _ e 99d _
T _ i
1914 || — ?
ey big A...ullllllllllll\.Ll O —8dL—{ad A% /
| > ﬂ
_ . : / | Nleg | |
— . Ocb "glg "vLE “L1E / |
- |
ok N S -1T; kad \
D vEL 208y OV Q 990d | *
Iﬂﬂu \_ “0€6 I.I.III.Iub _ / “
i S ot e O —8d—ad, \ / _
———— _1gd |
- il I | P kel ik 188G \ A ”
S o, oeele . 4 LLg 268 \ ”
v | | 8ILE Vit _ Reas |
= e 08 ) OV Y \ _
nvmu \\ 0eg l _ / |
S Bd D e e —— /
_Mu._m_nu ‘{Illjar.ﬁi_ m d {— dd N.& o Z.fm _—.mm. -, ,,//
j / | v /
b \
Losle :Lm ] ~ 60E 493311dS €€ Jonydg \ ”
i9o5uanbag J8zIUEND Ot 1Y by WOM 1eo3dQ WAM [eandQ ,/ / |
1e3161Q . - “

00€ d03e|npo  ~
ewbig-eyjeQ i il

by Ny 2y by .epe bBuydweg
leando

Patent Application Publication



US 2003/0091116 A1l
>

_

_

|

A “ Blg
| A
“ tfwrm zmmm
Ve 20t m — JVC

_
~ P4 |
“ 211810
4
>
&
e
v p
e
—
—
@\
) +20¢ # -
. VY
o~
=~ 19314 50¢ 42111dg

b1 4 | Wam [Bando

£ _ :
= “ k
.m .v " AOW

| _ : H
Dm @ | QlE "
- oAl _H_ [ |
= . ” ege ennds |, “
= \\.“ NOM eonndg | 80% H
- _ e ———d
— S U —— . B X =R | AP !
= 00€ JogjnponN 13 /I , _
- ewbis-e3sq A oo d o bundues | teog “
< “ oY N leandg *
- “
n llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll —d
=
o~
-»



US 2003/0091116 A1l

H*_“-__—————_H—‘#-F.‘—ﬂ_—_—__

N
20¢€
DEE L
— 13114
< €}DIQ
I g L]
>
&
-—
o »
e’
—
—
g\ |
el |
~ 1A% ‘zo¢ 8T¢ : -
m Omm ” H -/\l - . - _..,m
T ] 60 € 191|dS
E 9d 4 ad |—
L:pllella S WAM edildo
I \ 1.
91¢ 41§ ¢ c Y

_ : IOaiin®
Bt 94nbI 01€ - A == T WX
= \voe 'soe 'vosg

“ £ £ € Ja11]dS

A
\ wam eando | 80¢
] 44— — |d 595|Nd

00¢€ sore|npopy !
pWHIS-BI9Q | 1= N Ut
_ (

Patent Application Publication



May 18§, 2003 Sheet 6 of 7 US 2003/0091116 A1l

Patent Application Publication

IIIIIIII'IIIII'lIII'IIIIIIIIIIIII’IIIII"III-IIIIII"IIIIIII

EMIE
e E [e3181Q

13114
e E 811610

20¢
oge |
1331
| [eMDIQ
|
!
"
1923usnbag i 'YOTE £ E¢ 191311dS
[e}bIQ “ NOM (8213dQ
"
|
|

00€ J01B|NPO ~— ~ T T T T T T T T S e e s T T T S S S T T s s s m s - m =
R —— ld Sas|n
PWIBIS-E3[2q |C.|C| .%c__,_a&mm
N vty 0t |eondg

19314 80¢
duideys ssioN

@

pOC



May 18§, 2003 Sheet 7 of 7 US 2003/0091116 A1l

Patent Application Publication

g 9.nbi4

N

N
pEe Z0€
NogE J\

12114
(DD pnoig |[¢+——— 0 E

131}l
|eubiIQ

192U9NN3S
[eabig

\

00¢& AOIEINPON
ewbis-e112Q

|

m HzmHm ﬁzmmm

“ VA NId

|

" MNg1e iy
_

i

ey S Tl s e by Senls S

[

_

_

_

| € €€ 19111|dS
" NOM [221d0O
_

_

;

;

B d $35|Nd

“ g U puijdwes 0€
“ A oy [e>ndQ

|

et ek Ny sl SnlE aaay Sl A ST DI EEEE WA e el el W

A EEEE s s el N IS S T el waEp  aaam b



US 2003/0091116 Al

TIME-INTERLEAVED DELTA SIGMA ANALOG TO
DIGITAL MODULATOR

CROSS REFERENCE TO RELATED
APPLICATTONS

[0001] This application claims the benefit of U.S. Provi-
sional Patent Application Serial No. 60/332,3°73 filed Nov.
15, 2001 for an “Time-Interleaved Delta Sigma Analog to
Digital Modulator” by Daniel Yap and, the disclosure of
which 1s hereby incorporated herein by reference.

[0002] This application is related to co-pending com-
monly filed U.S. patent application Ser. No. entitled
“Optically Sampled Delta-Sigma Modulator” (attorney
docket 619587-9) filed simultaneously herewith and its
corresponding U.S. Provisional Patent Application Serial
No. 60/332,369 filed on Nov. 15, 2001, the disclosure of

which 1s hereby incorporated herein by reference.

TECHNICAL FIELD

[0003] This invention relates to a Delta-Sigma Analog-to-
Digital Converter (ADC) that can have a very high sampling
rate (over 100 GHz) and which is preferably optically
sampled to help achieve 1ts very high sampling rate. The
sampling rate can be many times higher than the regenera-

tion speed of the electronic quantizers used 1n the loop(s) in
the Delta-Sigma ADC.

BACKGROUND OF THE INVENTION

10004] Disclosed is a Delta-Sigma Analog-to-Digital Con-

verter (ADC) that has a very high sampling rate (over 100
GHz) and which is preferably optically sampled. The sam-
pling rate can be many times higher than the regeneration
speed of its mdividual electronic quantizers by using mul-
tiple quantizers 1n a single Delta-Sigma feedback loop.
These multiple quantizers are addressed 1 a time-inter-
leaved manner, with each quantizer handling only a subset
of the sampled i1nput pulses. For an embodiment with N
fime-interleaved quantizers, the clock speed of the indi-
vidual quantizers can be 1/N times the sampling rate.
Time-interleaved sampled pulses are generated by one or
more samplers, which are preferably photonic or optoelec-
tronic samplers, located within the Delta-Sigma loop. The
output of Digital-to-Analog Convertors (DACs) in the
Delta-Sigma loop are sampled, or gated, preferably by
means of optical pulses. The multiple DAC outputs are
combined to produce the Delta-Sigma feedback signal.

[0005] With this approach, the oversampling ratio can be
substantially higher than that which is achievable with prior
art Delta-Sigma ADCs. The Delta-Sigma approach disclosed
herein derives a superlinear benefit from such oversampling
and thus the resolution of this ADC system 1s increased
orcatly. With this approach, the analog summing points and
the 1ntegrators function as continuous-time elements. Since,
with continuous-time integrators, the sampling speed 1s not
dependent on the speed of the transistors 1n the integrators,
the ADC can accommodate analog inputs of very high
frequencies (over 10 GHz for example). The quantizer and
DAC, however, can be considered as discrete-time elements,
which 1s one result of using optoelectronic sampling. This
approach also can be applied to high-order Delta-Sigma
designs.

May 15, 2003

[0006] Ultra-short and stable optical pulses and photonic
or optoelectronic samplers are preferably used to accomplish
the sampling. Optical sampling pulses are preferably coded
according to their wavelength using a known method. One
or more optical wavelength-division multiplexing splitters
and associated time delay elements can be used to select and
sequence the sampling or sampled pulses for each of the
quantizers and gating pulses for each of the DACs.

[0007] The response of an electronic ADC can be limited
by the regeneration time of its comparators/quantizers. Even
for a quantizer with very fast transistors having a £ of 200
GHz, for example, only moderate ADC resolution can be
achieved at 10 GSPS rates. Optical sampling 1s preferred
because optical sampling makes use of ultrashort laser
pulses with high temporal stability to sample an analog
clectrical 1nput. Picosecond sampling or aperture windows
and sampling-pulse repetition rates of 100 GHz can be
achieved with optical sampling. The sampled pulses are
time-interleaved among multiple quantizers within a single
Delta-Sigma ADC. For example, the Delta-Sigma loop may
have ten quantizers, each operating at a clock speed of 10
GSPS. However, the analog difference signal produced by
the Delta-Sigma loop 1s sampled at a rate of 100 GSPS.
Thus, the oversampling ratio 1s determined by the 100 GSPS
value. Yet the quantizers only need to operate at rates of 10
GSPS in such an embodiment (with ten quantizers in the
loop), and thus the quantizers can be implemented electroni-
cally using fast transistors.

[0008] This approach to time interleaving is superior to
prior time-interleaved approaches that optically sample an
analog mput and then interleave those samples among
independent quantizers. A time-interleaved system based on
optical sampling 1s described 1n Hamilton and Bell’s U.S.
Pat. No. 5,010,346. In the present case, all of the quantizers
are part of the same Delta-Sigma loop. Thus, they are not
independent since their combined outputs provide the dif-
ference signal fed back through the Delta-Sigma loop. It 1s
the “delta-sigma” signal that 1s sampled and time inter-
leaved. This coupling of the Delta-Sigma quantizers
achieves greatly improved ADC resolution since a high-
order noise filter 1in the Delta-Sigma loop produces a super-
linear improvement 1n the signal-to-noise ratio.

[0009] The disclosed invention makes use of the concepts
and components described 1n the optically sampled analog-
to-digital converter (ADC) system disclosed in U.S. patent
application Ser. No. (attorney docket No. 619587-9)
entitled “Optically Sampled Delta-Sigma Modulator” men-
tioned above. The ADC architecture of this related applica-
fion incorporates the optoelectronic sampler following the
analog integrator and within the loop of a delta-sigma
modulator. The noise resulting from the sampler and the
spurs generated by the non-linear response of that sampler
are thus suppressed by the noise-spectrum shaping and
digital filtering. Thus, the resolution (as determined by the
signal-to-noise and spur free dynamic range) is improved
over what can be achieved with a conventional combination
of optical sampling with separate electronic ADC. The ADC
architecture disclosed herein can provide additional benefits.

[0010] Analog-to-digital converters that are capable of
both large bandwidth and high resolution are needed for
many applications. Such capability can enhance the capa-
bilities of digital receivers, for example. Such ADCs may
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even make possible the direct analog to digital conversion of
high frequency signals. Thus, one can avoid the complexity
and size assoclated with needing multiple stages of analog
frequency conversion prior to the analog to digital conver-
sion 1n such equipment.

[0011] FIG. 1 illustrates the optically sampled Delta-
Sigma ADC system disclosed in U.S. patent application Ser.
No. (attorney docket No. 619587-9) entitled “Opti-
cally Sampled Delta-Sigma Modulator” mentioned above.
This ADC system includes a delta-sigma modulator loop
100 and a subsequent digital filter 102. A continuous-time
analog input signal X(t) is applied to the input node of a
delta-sigma modulator loop 100. At the mput node, the
feedback signal Y (1) from the loop (an analog representa-
tion of the quantized output) is subtracted from the analog
input signal at junction 104. The difference signal X4(t) is
then integrated (for a first-order delta-sigma modulator) by
integrator 108, the integrator 108 may also be referred to as
a feed forward loop filter. The output X(t) of the integrator
122 1s sampled by the optoelectronic sampler 110. The
optoelectronic sampler 110 1s controlled by an impulse
source 112 to produce a short electrical pulse, and 1f desired
also a short optical pulse, whose amplitudes are determined
by the output level (or voltage) of the integrator 108. This
short pulse can be optionally broadened by a pulse broad-
ener 114 comprised of, for example, a filter or another
integrator. The quantizer 116 compares the peak value of this
pulse with a predetermined threshold value and outputs a
digital “one” or “zero” according to that comparison (for a
1 bit quantizer). The digital output stream Y(i) from the
quantizer 116 1s then processed by the digital filter 102 and,
usually, a decimator (not shown). The digital output stream
Y(i) at the output node of the delta-sigma modulator loop
also 1s directed to a feedback path 1n which it 1s converted
back to an analog signal by a DAC 118 and, possibly,
low-pass filtered by a low pass filter 119 to produce feedback
signal Y_(1). The feedback signal Y (1) 1s subtracted from a
later portion of the analog input signal X(t).

[0012] The optoelectronic sampler 110 in both the related
patent application referred to above and the present patent
application 1s an element that accepts a first mput 120
comprised of a sequence of optical pulses and a second 1nput
122 comprised of an analog electrical waveform (X;(t) in
FIG. 1). The output 124 of the sampler 110 is a sequence of
clectrical pulses whose amplitudes are determined by the
values of the analog waveform at the mstances that wave-
form concurs with the 1nput optical pulses at input 120. The
output of the sampler 110 must have at least as many
distinguishable levels as needed for the particular design of
the feed forward loop. In many cases, only two distinct
output levels are needed (that is, a one bit quantizer is
suitable in such embodiment). Several possible embodi-
ments of such an optoelectronic sampler 110 are described
in the related patent application referenced above and ref-
erence may be had to that patent application for the details
relating to their construction. Such combined electroabsorp-
fion and photodetection devices 110 accommodate very
short optical pulses, of even sub-picosecond widths. In
addition to the electrical output, the disclosed electroabsorp-
tion device 110 also can have an optical output that 1s a short
optical pulse whose amplitude 1s determined by the analog
input voltage. That output pulse likewise can be used as an
optical sampled signal that can be photodetected to produce
an electrical sampled signal. The electroabsorption device 1s
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called, in this patent application, a photonic sampler when
its optical output 1s used or an optoelectronic sampler when
its electrical output 1s used.

[0013] In the approach disclosed in the related patent
application, the clock speed of the quantizer, and thus the
sampling rate of the ADC, 1s limited by the regeneration
time of the comparator circuit 1n the quantizer 116. Note that
the comparator regeneration time 1s inversely proportional to
the L1 of the transistors used 1n the comparator circuit. Even
when fast transistor technology 1s used, such as InP-based
HBTs, the comparator-limited sampling rate would be only

slightly higher than 10 GSPS.

[0014] With optical sampling, the sampling aperture (tem-
poral width) of the ADC is determined by the width of the
input optical sampling pulses rather than by the decision
time of the quantizer. The optical pulses can have widths of
a few picoseconds (107"* seconds). The sampled pulses can
then be stretched 1n time by means of a pulse-broadening

filter 114 so that the frequency content seen by the quantizer
can be much lower.

[0015] The present invention achieves a net sampling rate
that 1s higher than the quantizer clock rate by time-inter-
leaving the sampled pulses among several parallel compara-
tors and digital-to-analog converters (DAC) located within a
delta-sigma loop. This mmvention also provides a means to
combine the multiple DAC outputs at the summing junctions
of the delta-sigma loop.

[0016] Time interleaving of discrete-time sampled pulses
among multiple analog-to-digital converters has been
described in prior work. In these prior systems, the time-
interleaved quantizers are operated as distinct, uncoupled
analog-to-digital converters. In contrast, the present mven-
tion couples its time-interleaved quantizers within the same
Delta-Sigma loop.

[0017] A prior art system based on electronic sampling is
described by Schiller and Byrne 1n IEEE Journal of Solid-

State Circuits, vol. 26, no. 12, pp. 1781-1789 (1991). This
system 1s 1llustrated in FI1G. 2a. The analog input signal 1s
sampled by multiple electronic samplers. The time inter-
leaving 1s achieved by phase shifting the timing clock
waveforms that are delivered to the multiple electronic
samplers. The output of each sampler 1s directed to a
different analog-to-digital converter (ADC) after that output
1s broadened by means of a low-pass filter.

[0018] Various prior methods to encode and time-inter-
leave the optical pulses have been proposed and demon-
strated. According to one method, the optical sampling
pulses are encoded so that they have different wavelengths.

One example of wavelength-encoded, time-interleaving 1s
illustrated in FI1G. 2b and 1s described by Clark et al. in IEEE

Photonics Technology Letters, vol. 11, no. 9, pp. 1168-1170
(1999). According to this approach, spectrally broad pulses
from a mode-locked laser are sliced by a wavelength-
division multiplexer into N discrete wavelength channels.
Each wavelength slice 1s itself an optical pulse. These
wavelength-encoded pulses are then delayed by different
time durations. The result 1s a series of N optical pulses for
which each successive pulse has a different wavelength. This
serics repeats at the repetition rate of the mode-locked laser.
In this way, the repetition rate of the optical sampling pulses
can be N times greater than the repetition rate of the
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mode-locked laser. After the optical sampling, the sampled
pulses are selected by means of a second wavelength-
division multiplexer. Like the other prior art, the wavelength
selected, time-1nterleaved sampled pulses are then distrib-
uted among a group of uncoupled analog-to-digital convert-
ersS.

[0019] An electronic delta-sigma analog-to-digital con-
verter with time-interleaved quantizers has been described in
U.S. Pat. No. 5,621,408. This approach makes use of elec-
tronic sampling that occurs effectively at the multiple quan-
tizers that are located within a single delta-sigma loop. In
one embodiment, the outputs from the multiple quantizers
are switched so that they sequentially control a single
digital-to-analog converter of the loop. In another embodi-
ment, the outputs of the quantizers are directed to multiple
digital-to-analog converters. The outputs of those DACs are
switched by means of electronic switches. In contrast to this
prior art approach, the present invention provides a way to
use a single, higher-speed sampler with multiple quantizers
of lower-speed. The present invention makes use of optical
sampling pulses to achieve much higher sampling rates and
much narrower sampling apertures. Also, optically con-
trolled samplers or gates, appropriately delayed with respect
to the sampler outputs, are used to activate the DAC outputs
at the proper temporal 1nstances.

SUMMARY OF THE INVENTION

[0020] A delta-sigma modulator comprising: a node which
produces a difference signal equal to a difference 1n mag-
nitude between a continuous time analog input signal having
a frequency F and N feedback signals generated from N
digital output signals, where N 1s an integer number greater
than one; an integrator, coupled with the node, which
integrates the difference signal and produces an integrated
signal; a set of N detectors; a sampler, which samples the
integrated signal and produces a sampled integrated signal;
a signal splitter connected with the sampler for separating
the sampled integrated signal into N different outputs, the
outputs of the signal splitter being coupled with the set of N
detectors to supply different detectors with different sampled
integrated signals to different detectors; a set of N quantiz-
ers, each quantizer being coupled with one of said N
detectors and having a frequency response less than F, but of
at least F/N, the quantizers each quantizing at least a portion
of the sampled mtegrated signal and the set of N quantizers
collectively producing the N digital output signals; and a set
of N digital to analog modulators for converting the N digital
output signals to generate the N feedback signals applied to
said node.

[0021] A delta-sigma modulator having N channels and
being of a Yth order, with Y being an integer equal to or
orcater than one and N being an integer equal to or greater
than 2, the modulator comprising: a set of Y node/integrator
pairs connected 1n a series, the nodes of which produce a
difference signal equal to the difference in magnitude
between a continuous time analog input signal having a
frequency F and N {feedback signals generated from N
digital output signals and the integrators of which are
coupled with an associated node and integrate the difference
signal from the associated node to produce an integrated
signal for the associated node/integrator pair; a set of N
detectors; a sampler, which samples the integrated signal
from a last node/integrator pair in said set and produces a

May 15, 2003

sampled integrated signal; a signal splitter connected with
the sampler for separating the sampled integrated signal into
N different outputs, the outputs being coupled to the set of
N detectors to supply different detectors with different
sampled integrated signals; a set of N quantizers, each
quantizer being coupled with one of said detectors and
having a frequency response less than F, but of at least F/N,
the quantizers each quantizing a portion of the sampled
integrated signal and collectively producing the N digital
output signals; and at least one set of N digital to analog
converters for converting the N digital output signals to
ogenerate the N feedback signals to each of the Y nodes.

[10022] A delta-sigma modulator comprising: a node which
produces a difference signal equal to the difference in
magnitude between a continuous time analog input signal
having a frequency F and N feedback signals generated from
N digital output signals, where N 1s an integer larger than
one; an 1ntegrator, coupled with the node, which integrates
the difference signal and produces an integrated signal; a set
of N optoelectronic samplers, which sample the integrated
signal and produce a set of sampled integrated signals; a
signal splitter connected to the set of N optoelectronic
samplers, the signal splitter separating optical pulses sup-
plied by an optical pulse generating device mto N different
outputs, the outputs being coupled with the set of N opto-
clectronic samplers to supply different samplers with ditfer-
ent pulses; a set of N quantizers, each quantizer being
coupled with one of said samplers and having a frequency
response less than F, but of at least F/N, the set of N
quantizers each quantizing one sampled integrated signal
from the set of sampled integrated signals and collectively
producing the N digital output signals; and a set of N digital
to analog modulators for converting a respective digital
output signal of said N digital output signals to one of said
N feedback signals for application to the node.

0023] A delta-sigma modulator having N channels and
being of a Yth order, with Y bemng an integrator equal or
orcater than one and N being an integer equal to or greater
than 2, the modulator comprising: a set of Y node/integrator
pairs connected 1in a set, the nodes of which produce a
difference signal equal to the difference 1n magnitude
between a continuous time analog input signal having a
frequency F and N {feedback signals generated from N
digital output signals and the integrators of which are
coupled with an associated node and integrate the difference
signal from the associated node to produce an integrated
signal for a node/integrator pair; a set of N optoelectronic
samplers each of which samples the integrated signal from
a last node/integrator pair in said set and produces a sampled
integrated signal; a signal splitter connected to the set of N
optoelectronic samplers, the signal splitter for separating the
optical pulses supplied by an optical pulse generating device
into N different outputs, the outputs being coupled with at
least the set of N optoelectronic samplers to supply different
optoelectronic samplers with different pulses; a set of N
quantizers, each quantizer being coupled with one of said
samplers and having a frequency response less than F, but of
at least F/N, the quantizers each quantizing a portion of the
sampled integrated signal and said set of N quantizers
collectively producing the N digital output signals; and at
least one set of N digital to analog converters for converting
a respective digital output signal from the N digital output
signals into a corresponding one of said N feedback signals
for application to each of said nodes.
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10024] A method for increasing a sampling rate of an
optical delta-sigma modulator having at least one channel
comprising the steps of: adding one or more channels to said
optical delta-sigma modulator, wherein each channel com-
prises a photodetector, a quantizer connected with said
photodetector and a digital to analog converter connected
with said quantizer; addressing said channels in a time-
interleaved manner such that each channel handles a subset
of an 1put to said optical delta-sigma; and supplying an
output of each of said channels to a first node. photocon-
ductive gate with each digital to analog converter in each of
said channels.

[0025] A method for improving a delta-sigma modulator
having at least one channel comprising the steps of: inte-
ograting an analog input signal prior to optically sampling
said analog 1nput signal to produce an optically sampled
integrated signal; time-interleaving the optically sampled
integrated signal among a plurality of channels; and com-
bining an output of each of said plurality of channels mnto a
first node.

[10026] A method of providing an improved optical delta-
sigma modulator comprising the steps of: subtracting an
analog signal and N feedback signals, said N feedback
signals being generated from N channels to produce a first
difference signal wherein N 1s an integer greater than or
cequal to two; integrating said first difference signal to
produce an integrated signal; splitting said integrated signal
into said N channels; optically sampling said integrated
signal 1n each of said N channels to produce N optically
sampled signals; quantizing each of said N optically
sampled signals to produce N quantized signals; and gen-
erating said N feedback signals from said N quantized
signals.

[0027] An optical delta-sigma modulator comprising: a set
of N channels, wherein each channel comprises a photode-
tector, a quantizer connected with said photodetector and a
digital to analog converter connected with said quantizer,
cach of said plurality of channels having an mput and an
output, wherein N 1s an mnteger greater than or equal to two;
a splitter having a plurality of splitter outputs, said each of
said plurality of splitter outputs coupled with an input of an
assoclated channel from said set of N channels, said splitter
for splitting an 1nput to said optical delta-sigma modulator
into said set of N channels such that each channel handles a
subset of the mput to said optical delta-sigma modulator;
and a combiner connected with said outputs of said set of N
channels for combining said subset of the input to said
optical delta-sigma modulator.

BRIEF DESCRIPTION OF THE DRAWINGS

10028] FIG. 1 illustrates one embodiment of a Delta-

Sigma ADC 1n accordance with the invention of the related

U.S. patent application Ser. No. (attorney docket
No. 619587-9) noted above, the disclosure of which is
incorporated herein by reference;

10029] FIG. 2a illustrates a prior art time-interleaved
ADC system based on 1nterleaved sampling clocks;

10030] FIG. 25 illustrates a prior art system using wave-
length selection to time-1nterleave a set of optically sampled
pulses;

10031] FIG. 3 illustrates one embodiment of the time-
interleaved, delta-sigma analog-to-digital converter accord-
ing to the present invention;
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10032] FIG. 4 illustrates another embodiment of the time-
interleaved, delta-sigma analog-to-digital converter accord-
ing to the present invention, this embodiment having a
higher order (Y-order), time-interleaved, delta-sigma ADC;

10033] FIG. 4a illustrates an embodiment similar to the
embodiment of FIG. 4, but showing one DAC element 1n a
orven channel being fed to a plurality of photoconductive
gates,

10034] FIG. 5 illustrates another embodiment of the time-
interleaved, delta-sigma analog-to-digital converter accord-
ing to the present invention, with this embodiment using
multiple samplers; and

10035] FIG. 6 illustrates yet another embodiment of the
time-interleaved, delta-sigma analog-to-digital converter
according to the present invention, this embodiment having,
a higher order (Y-order), time-interleaved, delta-sigma ADC
with multiple samplers.

DETAILED DESCRIPTION

[0036] An embodiment of a time-interleaved, optically
sampled analog-to-digital converter (ADC) system of the
present 1nvention 1s 1illustrated mm FIG. 3. This ADC 1s
comprised of a Delta-Sigma modulator 300 that has multiple
digital output streams 320,-320 comprising N different
digital data channels. Each of these digital output streams 1s
produced from a different quantizer 316,-316,. The outputs
are then filtered and decimated by means of digital filters
302 -302 before they are combined to produce a digital
representation Y, of the analog input signal X,(t). Each
digital channel can optionally have a programmable gain
clement 330,-330; to adjust the gains of these channels.

[0037] The delta-sigma modulator of this embodiment has
two inputs—an analog electrical signal input X;(t) and a set
of wavelength encoded optical sampling pulses P; from, for
example, a laser pulse generator 303 or any other optical
pulse generating device. Successive sampling pulses have
different wavelengths A, -hy. Each output channel of the
delta-sigma modulator 1s associated with a different subset
of the optical sampling pulses P., and they are distinguished
according to the different wavelengths of those pulses. Thus,
cach output channel contains a bit stream that describes only
a time-sliced subset of the analog input.

[0038] The delta-sigma modulators are sometimes called
convertors and sometimes called modulators in the art. In
FIG. 1, block 100 1dentifies the modulator while the modu-
lator 100 plus the filter 102 can properly be referred to as the
convertor. In FIG. 3, block 300 1dentifies the modulator
while the modulator 300 plus the filters 302 and the sum-
ming node(s) 334 can properly be referred to collectively as
the convertor. These terms, modulator and convertor, tend to
be used rather loosely in the art and to a certain extent
interchangeably.

[0039] The delta-sigma modulator has one set of analog
summing nodes 304 and noise shaping filters (or integrators)
308. For a first-order delta-sigma design, such as the one
shown 1n FIG. 3, the modulator has a single summing node
304 and a single mtegrator 308. Higher order delta-sigma
modulators will have additional nodes 304 and integrators
308. The delta-sigma modulator of this embodiment also has
multiple channels that are each comprised of a photodetector

(PD) 311, a pulse-broadening filter (PB) 314, a quantizer (Q)
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316, a digital-to-analog converter (DAC) 318, and a photo-
conductive gate (PCG) 332. Subscripts 1-N in FIG. 3
identily the particular channel with which the elements are
assoclated. The feedback signals from the multiple channels
at the outputs of the PCG 332,-332 are summed at the
analog summing node 304. This combined feedback signal
is subtracted from the analog input signal X (t) at the
summing node 304. The pulse-broadening filters (PB) 314 -
314, spread out the lengths of the pulses somewhat to aid
the quantizers 316,-316.,. The pulses are preferably still
distinguishable after spreading, that 1s to say, the pulses
preferably do not overlap after spreading by the pulse-
broadening filters (PB) 314,-314 .. Integrators 308 generally
speaking have a longer time constant or time spreading

effect than do the pulse-broadening filters (PB) 314,-314..

[0040] The electrical output of the integrator 308 is an
analog signal that needs to be quantized at specific instances
of time. In a prior art electronic delta-sigma modulator, the
quantizer performs a track and compare function. The com-
parison 1s done at an edge of the clock signal supplied to the
quantizer. The maximum allowable sampling rate 1s deter-
mined by the regeneration time of the quantizer. It also 1s
determined by the decision-making time required by the
quantizer.

[0041] This embodiment preferably utilizes an optical
modulator (MOD) as a photonic sampler 310. The optical
modulator 310 could be an electroabsorption device, like the
optoelectronic samplers of the related disclosure, or an
clectro-optic device, such as the samplers, for example,
described in the prior-art documents noted above by Hamil-
ton and Bell and by Clark et al. In this embodiment, a series
of wavelength-encoded optical impulses P. from a laser
pulse generator 303 1s applied to the optical modulator 310.
The laser pulse generator could be like the one described by
Clark et al. and shown 1in FIG. 2b hereof. The analog
clectrical signal from the integrator 308 1s applied to the
electrode(s) of optical modulator 310. The optical input
pulses sample the voltage on the modulator electrode(s). A
wavelength-division-multiplexing (WDM) splitter (which
may be more generically known as a pulse sequencer) 309
separates the resultant optical pulses, whose intensities are
determined by the voltage from integrator 308 being applied
to optical modulator 310, according to their optical wave-
lengths. The pulses of each given wavelength are fed to one
set of photodetectors 311. Each photodetector 311,-311; 1s
a member of a different channel of the delta-sigma modu-
lator. The electrical output current of each photodetector 311
1s broadened 1n time, reduced in spectral content, and 1is
supplied as the discrete-time input to a channel-associated
clectronic quantizer 316.

[0042] Each quantizer 316,-316,; evaluates only a time-
sliced subset of the analog waveform output from the
mtegrator 308. The digital output of each quantizer 316 -
3164, 1s valid during 1ts associated time slice. That digital
output of each quantizer 316,-316;1s converted to an analog
signal by a channel-associated digital-to-analog converter
(DAC) 318,-318.,, the outputs of each of which may be
valid only at speciific times. The wavelength-encoded optical
sampling pulses also are used to sample the DAC outputs at
the times when those outputs are valid. This sampling of the
DAC output for each channel is preferably done by means
of the aforementioned photoconductive gates 332. The pho-
toconductive gates 332,-332,; associated with each channel
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passes the output of the associated DAC 318,-318,; only
during the instance when the channel-associated optical
sampling pulse closes the associated gate 332,-332;. Thus,
the photoconductive gate 332,-332; are controlled by the
optical sampling pulse. Essentially, an electrical charge that
corresponds to the DAC output value 1s then supplied to the
analog summing node 304. The continuous-time summing,
node 304 can readily sum the various packets of charge that
are delivered to it from the various gated DAC outputs. A
second WDM splitter 333 1s used to select the appropriate
optical gating pulse for each channel. Optical delay lines,
indicated by the loops 331,-331,,, provide the appropriate
temporal delays so that the optical gating pulse 1s delivered
to the associated photoconductive gate 332,-332,; when the
DAC output associated with the gate 1s valid.

[0043] With this parallel approach, it is important to
ensure that the sampling pulses P. have the same energy,
otherwise, the performance of the parallel delta-sigma ADC
channels will degrade. Similarly, 1t 1s important to match the
characteristics of the multiple quantizers 316. Mismatches
between the sampling pulse energies and the quantizer
sensitivities for different channels can result 1n offset errors
that could produce spurious tones in the digital signal. In
some embodiments 1t may be desirable to give some
sampled pulses more importance than other sampled pulses.
This weighting can be accomplished by means of the digital
gain cells 330,-330,, which can be programmed to adjust the
relative gains of the channels.

[0044] The digital output streams from the multiple Delta-
Sigma modulator channels resemble the bit streams that
would be produced if a single-output Delta-Sigma modula-
tor were passed through a 1-to N demultiplexer. The effect
of the demultiplexer 1s to slow down the data rate. Known
methods have been developed using multiple parallel com-
puters to process such demultiplexed outputs from fast
Delta-Sigma modulators. One advantage of the present
time-1nterleaved Delta-Sigma modulator 1s that its output
stream already has been demultiplexed 1nto multiple output
channels. The outputs of each channel (whether produced by
a demultiplexer or by the time-interleaved Delta-Sigma
modulator) are phase shifted and essentially partially deci-
mated. The digital filters 302,-302; and the digital sequenc-
ers 334,-334,, shown m FIG. 3 and in the various other
embodiments of the present invention are indicative of the
need for filtering, decimating and sequencing functions.
They are not intended to suggest any particular implemen-
tation of those functions. Various known designs, such as
those 1nvolving polyphase decimator, polyphase filters and
tapped delay lines could be used for these implementations.

[0045] The width of the photodetector output pulses can
be somewhat greater than the width of the optical input
pulses, because of capacitances 1n the photodetector struc-
ture or other effects. These pulses can be 1ntentionally made
even wider still by passing them through an analog pulse-
broadening filter 314. Having a wider pulse relaxes the
timing requirement on the clock of the subsequent compara-
tor/quantizer 316. The maximum pulse width 1s limited by a
requirement that successive pulses should not overlap. Thus,
this maximum width 1s determined by 1/N times the sam-
pling rate, where N 1s the number of channels. The photonic
sampler 310 and photodetector 311 combination produces a
current or voltage that can be evaluated by the comparators/
quantizer 316,-316.,. Since the quantizer 316 may have a
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resolution of only one or several bits, the photonic sampler
310 likewise can have low resolution.

[0046] The delta-sigma modulator of the present invention
shapes the noise spectrum by decreasing the noise power
within the signal band and increasing the noise power
outside of that band. This noise power could be due to
quantization noise, other noise sources in the comparator,
noise sources 1n the sampler or sampling-pulse generator, or
spurs added by the sampler. In fact, the noise-spectrum
shaping will apply to any noise or spur content that 1s added
by elements of the ADC system which are located between
the integrator 308 and the feedback node, the analog sum-
ming node 304. The degree of noise-spectrum shaping
depends on the order of the delta-sigma modulator loop. The
operation of a first-order modulator has been described with
reference to FI1G. 3. Delta-sigma modulators of higher order
could be achieved with the approach disclosed herein by
employing higher-order continuous-time integration before
the photonic sampler 310.

[0047] Delta-sigma modulators use oversampling and
noise shaping to remove the quantization and sampling noise
from the baseband to higher frequencies. Oversampling
evenly distributes this noise over the frequency range from
DC to half the sampling frequency, thereby improving the
noise of the delta-sigma modulator by 3 dB per octave (or
doubling) of the oversampling rate. Adding integrators in the
feedback path results 1n high-pass filtering of the noise. Each
integrator in the feedback path, 1.e. each additional order of
the delta-sigma loop, improves the signal-to-noise (SNR)
rat1o by an additional 6 dB per octave of oversampling. With
both oversampling and filtering, a first-order modulator
produces 9 dB of noise reduction per octave of oversampling,
and a second-order modulator produces 15 dB, per octave of
oversampling. Each 6 dB improvement in SNR corresponds
to approximately one additional bit of ADC resolution.

[0048] An embodiment that incorporates a Y-order inte-
orator 1s shown m FIG. 4 to illustrate how higher-order
integrators can be combined with the time-1nterleaved quan-
tizers. A higher-order (Y-order) delta-sigma modulator con-
tains Y summing nodes 304, . .. 304, and Y integrators 308,
... 308, and additionally, Y feedback paths for each
channel. Each summing node 304 receives DAC outputs
from all of the N parallel channels. And each channel has Y
DAC elements 318 and Y photoconductive gates 332. For
these devices, the first subscript refers to the channel
instance (1 . .. N) and the second subscript refers to the order
number (1 . . . Y). Each channel has one set of these
components for each order of the modulator. The DAC
outputs are connected to the various summing nodes 304 1n
the manner shown 1n FIG. 4. The photoconductive gates 332
are controlled by the appropriate optical sampling pulses,
which are selected according to their wavelength, and which
have been delayed appropriately so that those pulses coin-
cide with the times that the associated DAC outputs are
valid. Note that 1t 1s also possible to simplily the feedback
loops of FIG. 4 by providing only one DAC 318 for each
channel as shown by the embodiment of F1G. 4a. In this
embodiment, the output of the DAC 318 for any given
channel 1s fed to Y photoconductive gates 332 associated
with that channel, with each gate 332 of a channel being,
assoclated with a different summing node 304. The activa-
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tions of those gates 332 can be staggered 1n time so that the
DAC output 1s connected to only one electrical load at a
fime.

[0049] These embodiments of the time-interleaved, Delta-
Sigma ADC make use of an optical modulator as the
photonic sampler 310. The photonic sampler 310 may be
provided by the devices disclosed with reference to the
devices of FIGS. 6 A, 6B and 6C of U.S. patent application
Ser. No. enfitled “Optically Sampled Delta-Sigma
Modulator” (attorney docket 619587-9) where the light is
shown passing through and exiting the devices shown in

FIGS. 6A, 6B and 6C of that U.S. patent application.

[0050] It 1s also possible to use multiple samplers that are
activated by the wavelength-encoded optical sampling
pulses. This approach 1s illustrated 1n FIG. 5. In this
embodiment the function of the photonic sampler 1s com-
bined with the detector, and collectively referred to as
optoelectronic samplers 310A,-310A,. These optoelec-
tronic samplers 310A,-310A are basically voltage sensitive
photo detectors and the devices disclosed in U.S. patent
application Ser. No. enfitled “Optically Sampled
Delta-Sigma Modulator” (attorney docket 619587-9) may
be used 1n this embodiment.

[0051] The use of high oversampling ratios in a delta-
sigma ADC system 1s beneficial because the resolution is
improved substantially compared to the performance of the
sampler. An alternative embodiment likewise uses wave-
length-encoded optical sampling pulses, but distributes these
optical pulses, according to their wavelengths, among mul-
tiple parallel optoelectronic samplers. Each sampler then
supplies an electrically sampled signal that 1s evaluated by
its associated quantizer, which compares that signal with a
reference. In a multi-sampler optically sampled delta-sigma
ADC, the samplers are located after the integrator(s) 308 and
before the quantizers 316. The {first optoelectronic sampler
310A samples the analog output of the mtegrator 308 at the
instance of the first pulse (that has wavelength 2.,). The
second optoelectronic sampler 310A, samples the analog
output of the integrator at the instance of the next pulse (that
has wavelength A,), and so on. This process continues until
the Nth sampling pulse (that has wavelength 2.\;). Then the
cycle repeats again with the following sampling pulse (that
again has wavelength ).,). An optical wavelength-division-
multiplexing (WDM) splitter 333 distributes the optical
sampling pulses among the various optoelectronic samplers
310A,-310A,. Thus, each optoelectronic sampler 310A
samples only a time-sliced subset of the analog waveform
output from the integrator 308.

[0052] When compared with the previous embodiments,
the electrical output current of the optoelectronic samplers
310A 1n this embodiment replaces the electrical output
current of the photodetectors 311 1 the previously discussed
embodiments. Note that this output i1s reversed 1n sense,
compared to the output of the photodetectors 311. When the
analog voltage to the optoelectronic sampler 310A 1s
increased, 1ts output current also 1s increased. However, 1n
the previous embodiment when the analog voltage to the
photonic sampler 310A 1s increased, the output current from
the subsequent photodetector 1s decreased. A comparison of
FIGS. 3 and 5§ will further elucidate the major distinctions
between these two embodiments of the invention. In FIG. §,
WDM splitter 333 distributes the optical sampling pulses to
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the photonic samplers 310. In FIG. 3, WDM splitter 309
distributes the previously sampled pulses (in optical form) to
the photodetectors 311. In FIG. §, multiple optoelectronic
samplers 310A,-310A, produce multlple photocurrents. In
FIG. 3, there 15 a single photonic sampler 310 but multiple
photodetectors 311, which photodetectors 311 produce the
multiple photocurrents. A second WDM splitter 333 distrib-
utes the optical sampling pulses to the photoconductive
cgates 332 1n the embodiment of FIG. 3 whereas only a single
WDM splitter 333 1s used 1n the embodiment of FIG. §. The
common number 333 1s used for both WDM splitters since
they both distribute the optical sampling pulses, albeit to
both optoelectronic samplers 310 and gates 332 1n FIG. 5
and only to the gates 332 1n FIG. 3. The other components
have previously been described with reference to the other
embodiments and therefore they are not described further
here. The reader will note that a common numbering scheme
has been used for the elements throughout the embodiments
of FIGS. 3-6 to aid 1n an understanding the disclosed
embodiments of this Time-Interleaved Delta-Sigma Analog
to Digital Converter.

[0053] Higher-order delta-sigma modulators similarly can
be 1mplemented with multiple optoelectronic samplers
310A,-310A,. That 1s to say, the concept of adding addi-
tional orders to the embodiment of FIG. 3 (which takes us
to the embodiment of FIG. 4) can also be apphed to the
embodiment of FIG. 5 to yield a higher order version of that
embodiment of the present invention. See FIG. 6. In such
delta-sigma modulators, the multiple optoelectronic sam-
plers are located after the final mtegrator 308. An 1mple-
mentation of a Y-order modulator having multiple optoelec-
tronic samplers 310A,-310A 1s 1illustrated m FIG. 6.
Although the Y-order modulator only has two orders
depicted 1n detail, this approach also can be applied gener-
ally to high-order modulators. Higher-order modulators
have additional summing nodes 304 and additional integra-
tors 308 which are added pairwise 1n a series before the
optoelectronic sampler(s) 310A. Additional feedback paths,
containing DAC elements 318 and photoconductive gates
332, can be added for each channel to supply the desired
feedback signals to the respective summing nodes 304. One
skilled 1n the art of delta-sigma ADCs can easily adapt the
embodiments shown to higher-order modulators. As was
discussed with reference to the embodiment of FIG. 44, the
number of DAC elements 318 1n each feedback loop can be
reduced to a single DAC element 318 by having its output
feed Y gates 332.

[0054] Note that the optical sampling pulses need not be
equally spaced 1n time. For example, the pulses of one of the
wavelengths could be set to account for two sampling
intervals. The digital gain element of the associated channel
could then be adjusted to reflect the greater weight of that
channel. The disclosed embodiments encode and select the
optical sampling pulses by their different wavelengths.
Other methods known 1n the art likewise could be used to
select the sampling pulses. For example, the sampling pulses
could be selected according to their temporal position. See,
for example, the teachings of Hamilton and Bell noted
above. The wavelength selection techniques disclosed
herein simplify the equipment.

[0055] Having described the invention in connection with
certain embodiments thereof, modification will now cer-

tainly suggest 1tself to those skilled 1n the art. The mvention
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1s not to be limited to the disclosed embodiments, except as
1s specifically required by the appended claims.

What 1s claimed 1s:
1. A delta-sigma modulator comprising:

a node which produces a difference signal equal to a
difference 1n magnitude between a continuous time
analog 1put signal having a frequency F and N feed-
back signals generated from N digital output signals,
where N 1s an 1nteger number greater than one;

an 1ntegrator, coupled with the node, which integrates the
difference signal and produces an imntegrated signal;

a set of N detectors;

a sampler, which samples the integrated signal and pro-
duces a sampled integrated signal;

a signal splitter connected with the sampler for separating
the sampled mtegrated signal into N different outputs,
the outputs of the signal splitter being coupled with the
set of N detectors to supply different detectors with
different sampled integrated signals to different detec-
tors;

a set of N quantizers, each quantizer being coupled with
one of said N detectors and having a frequency
response less than F, but of at least F/N, the quantizers
cach quantizing at least a portion of the sampled
integrated signal and the set of N quantizers collec-
tively producing the N digital output signals; and

a set of N digital to analog modulators for converting the
N digital output signals to generate the N feedback
signals applied to said node.

2. The delta-sigma modulator of claim 1 wherein the
sampler is a photonic sampler having (1) an optical output
coupled with the signal splitter, (i1) an electrical input
coupled with the integrator, and (ii1) an optical input for
receiving optical pulses from an optical pulse generating
device, the photonic sampler modulates the amplitude of
optical pulses derived from the optical pulse generating
device according to the mtegrated signal.

3. The delta-sigma converter of claim 2 where the optical
pulse generating device 1s a laser.

4. The delta-sigma modulator of claim 2 wherein the
optical pulses are encoded by having different wavelengths
assoclated therewith.

5. The delta-sigma modulator of claim 4 wherein the
signal splitter 1s a wavelength-division-multiplexing
(WDM) splitter for separating the sampled integrated signal
into N different outputs according to their wavelengths, the
outputs of the wavelength-division-multiplexing (WDM)
splitter being coupled with the set of N detectors to deliver
different wavelength separated sampled integrated signals to
different detectors.

6. The delta-sigma modulator of claim 2 wherein the
detectors produce electrical pulses which correspond to the
sampled integrated signal produced by the sampler and
wherein the quantizers quantize the electrical pulses pro-
duced by associated ones of said detectors.

7. The delta-sigma modulator of claim 1 wherein each of
the digital to analog modulators 1s gated by an associated
cgate connected 1n series between each of the digital to analog
modulators and said node, the gates being controlled by
optical pulses supplied by a second signal splitter and
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wherein the sampler and the second signal splitter are
supplied optical pulses from an optical pulse generating
device.

8. The delta-sigma modulator of claim 7 wherein the
second signal splitter 1s a wavelength-division-multiplexing
(WDM) splitter for sequencing the optical pulses for con-
trolling the gates.

9. The delta-sigma modulator of claim 8 wherein the gates
are photoconductive gates controlled by optical pulses
coupled from the second wavelength-division-multiplexing
(WDM) splitter.

10. The delta-sigma modulator of claim 7, the delta-sigma
modulator having an order greater than one and further
comprising:

at least one additional node, each at least one additional
node produces a difference signal equal to a difference
in magnitude between an mtegrated signal produced by
a preceding integrator and N feedback signals gener-
ated from the N digital output signals;

an additional integrator associated with each at least one
additional node, each additional integrator being
coupled with 1ts associated at least one additional node
for integrating the difference signal produced by the
assoclated at least one additional node and producing
an assoclated integrated signal, each of all the nodes
and each of all the integrators being connected as a
series of node/integrator pairs; and

at least one additional set of N gates, the number of sets
of N gates equalling the number of node/integrator
pairs 1n said series,

wherein the sampler samples the integrated signal pro-
duced by a last integrator of said series of integrator/
node pairs.
11. The delta-sigma modulator of claim 1, the delta-sigma
modulator having an order greater than one and further
comprising;

at least one additional node, each at least one additional
node produces a difference signal equal to a difference
in magnitude between an mtegrated signal produced by
a preceding integrator and N feedback signals gener-
ated from the N digital output signals; and

an additional integrator associated with each at least one
additional node, each additional integrator being
coupled with its associated at least one additional node
for integrating the difference signal produced by the
associated at least one additional node and producing
an assoclated integrated signal, each of all the nodes
and each of all the integrators being connected as a
series of node/integrator pairs,

wherein the sampler samples the integrated signal pro-
duced by a last integrator of said series of node/
integrator pairs.

12. The delta-sigma modulator of claim 11 wherein the
sampler is a photonic sampler having (i) an optical output
coupled with the signal splitter, (i1) an electrical input
coupled with the last integrator, and (ii1) an optical input for
receiving optical pulses from an optical pulse generated
device, wherein the photonic sampler modulates the ampli-
tude of optical pulses derived from the optical sampling
pulse generated device according to the integrated signal
produced by the last integrator.
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13. The delta-sigma converter of claim 12 wherein such
optical pulse generating device 1s a laser.

14. The delta-sigma modulator of claim 12 wherein the
optical pulses are encoded by having different wavelengths
assoclated therewith.

15. The delta-sigma modulator of claim 14 wherein the
signal splitter 1s a wavelength-division-multiplexing
(WDM) splitter for separating the optical output of the
photonic sampler mto N different outputs according to the
wavelengths, the outputs of the wavelength-division-multi-
plexing (WDM) splitter being coupled with the set of N
detectors to supply ditferent detectors with different wave-
length separated sampled signals.

16. The delta-sigma modulator of claim 15 wherein each
of the digital to analog modulators 1s gated by one or more
assoclated gates connected 1n series between each of the
digital to analog modulators and an associated node of the
serics of node/integrator pairs, the gates being controlled by
optical pulses supplied by a second wavelength-division-
multiplexing (WDM) splitter.

17. The delta-sigma modulator of claim 16 wherein the
sampler and the second wavelength-division-multiplexing
(WDM) splitter are supplied optical pulses by a common
optical pulse generating device.

18. The delta-sigma modulator of claim 17 wherein the
gates are photoconductive gates controlled by said optical
pulses from said common optical pulse generating device.

19. A delta-sigma converter comprising:
a delta-sigma modulator as claimed 1n claim 1;

a set of N digital filters connected with said set of N
quantizers;

a set of N generators connected with said set of N digital
filters; and

a digital sequencer connected with said set of N genera-
tors.

20. A delta-sigma converter comprising:
a delta-sigma modulator as claimed 1n claim 9;

a set of N digital filters connected with said set of N
quantizers;

a set of N generators connected with said set of N digital
filters; and

a digital sequencer connected with said set of N genera-
tors.

21. A delta-sigma modulator having N channels and being
of a Yth order, with Y being an integer equal to or greater
than one and N being an integer equal to or greater than 2,
the modulator comprising;:

a set of Y node/integrator pairs connected 1n a series, the
nodes of which produce a difference signal equal to the
difference 1n magnitude between a continuous time
analog 1nput signal having a frequency F and N feed-
back signals generated from N digital output signals
and the integrators of which are coupled with an
assoclated node and integrate the difference signal from
the associated node to produce an integrated signal for
the associated node/integrator pair;
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a set of N detectors;

a sampler, which samples the integrated signal from a last
node/integrator pair in said set and produces a sampled
integrated signal;

a signal splitter connected with the sampler for separating
the sampled mtegrated signal into N different outputs,
the outputs being coupled to the set of N detectors to
supply different detectors with different sampled inte-
orated signals;

a set of N quantizers, each quantizer being coupled with
one of said detectors and having a frequency response
less than F, but of at least F/N, the quantizers each
quantizing a portion of the sampled mtegrated signal
and collectively producing the N digital output signals;
and

at least one set of N digital to analog converters for
converting the N digital output signals to generate the
N feedback signals to each of the Y nodes.

22. The delta-sigma modulator of claim 21 wherein said
optical pulse generating device 1s a laser.

23. The delta-sigma modulator of claim 21 wherein the
sampler is a photonic sampler having (i) an optical output
coupled with said signal splitter, (i1) an electrical input
coupled with a last one of the node/integrator pairs, and (1i1)
an optical input for receiving optical pulses from an optical
pulse generating device, the photonic sampler modulating,
the amplitude of the optical pulses derived from the optical
pulse generating device according to the integrated signal of
the last one of the node/integrator pairs.

24. The delta-sigma modulator of claim 23 wherein the
optical pulses are encoded by having different wavelengths
assoclated therewith.

25. The delta-sigma modulator of claim 24 wherein the
signal splitter 1s a wavelength-division-multiplexing
(WDM) splitter for separating the sampled integrated signal
into N different outputs according to their wavelengths, the
outputs of the wavelength-division-multiplexing (WDM)
splitter being coupled with the set of N detectors to deliver
different wavelength separated sampled integrated signals to
different detectors.

26. The delta-sigma modulator of claim 25 further includ-
ing Y sets of N gates for gating N*Y feedback signals onto
respective nodes of the set of Y node/integrator pairs so that
cach node of the Y node/integrator pairs receives N feedback
signals, with each one of said at least one set of N digital to
analog convertors being associated with up to Y gates.

27. The delta-sigma modulator of claim 26 wherein said
Y sets of N gates are controlled by optical pulses supplied
by a second wavelength-division-multiplexing (WDM)
splitter.

28. The delta-sigma modulator of claim 27 wherein the
sampler and the second wavelength-division-multiplexing
(WDM) splitter are supplied optical pulses from the optical
pulse generating device.

29. The delta-sigma modulator of claim 28 wherein said
Y sets of N gates are photoconductive gates controlled by
said optical pulses from said optical pulse generating device.

30. A delta-sigma modulator comprising;:

a node which produces a difference signal equal to the
difference in magnitude between a continuous time
analog mput signal having a frequency F and N feed-
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back signals generated from N digital output signals,
where N 1s an integer larger than one;

an 1ntegrator, coupled with the node, which integrates the
difference signal and produces an integrated signal;

a set of N optoelectronic samplers, which sample the
integrated signal and produce a set of sampled inte-
orated signals;

a signal splitter connected to the set of N optoelectronic
samplers, the signal splitter separating optical pulses
supplied by an optical pulse generating device into N
different outputs, the outputs being coupled with the set
of N optoelectronic samplers to supply different sam-
plers with different pulses;

a set of N quantizers, each quantizer being coupled with

one of said samplers and having a frequency response
less than F, but of at least F/N, the set of N quantizers
cach quantizing one sampled integrated signal from the
set of sampled 1ntegrated signals and collectively pro-
ducing the N digital output signals; and

a set of N digital to analog modulators for converting a
respective digital output signal of said N digital output
signals to one of said N feedback signals for application
to the node.

31. The delta-sigma modulator of claim 30 wherein the
optical pulse generating device 1s a laser.

32. The delta-sigma modulator of claim 30 wherein: (1)
cach optoelectronic sampler of the set of N optoelectronic
samplers has an electrical output coupled with an associated
quantizer of the set of N quantizers, (i1) an electrical input
coupled with the integrator, and (ii1) an optical input for
receiving optical pulses from the signal splitter, each opto-
clectronic sampler modulating the amplitude of the optical
pulses derived from the signal splitter according to the
integrated signal.

33. The delta-sigma modulator of claim 32 wherein the
optical pulses from the optical pulse generating device are

encoded by having different wavelengths associated there-
with.

34. The delta-sigma modulator of claim 33 wherein the
signal splitter 1s a wavelength-division-multiplexing
(WDM) splitter for separating the optical pulses into N
different outputs according to their wavelengths, the outputs
of the wavelength-division-multiplexing (WDM) splitter
being coupled with the set of N optoelectronic samplers to
supply different optoelectronic samplers with different
wavelength separated sampled signals.

35. The delta-sigma modulator of claim 30 wherein each
of the digital to analog modulators 1s gated by an associated
cgate connected 1n set between each of the digital to analog
modulators and said node, the gates being controlled by
optical pulses supplied by said signal splitter.

36. The delta-sigma modulator of claim 35 wherein the
signal splitter 1s a wavelength-division-multiplexing
(WDM) splitter for sequencing the optical pulses for con-
trolling the gates.

37. The delta-sigma modulator of claim 36 wherein the
gates are photoconductive gates controlled by optical pulses
coupled from the wavelength-division-multiplexing (WDM)
splitter.
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38. The delta-sigma modulator of claim 30, the delta-
sigma modulator having an order greater than one and
further comprising:

at least one additional node, each at least one additional
node produces a difference signal equal to the ditfer-
ence 1n magnitude between an integrated signal pro-
duced by a preceding integrator and N feedback signals
generated from N digital output signals; and

an additional integrator associated with each at least one
additional node, each additional integrator being
coupled with 1ts associated at least one additional node
for integrating the difference signal generated by the
assoclated additional node and producing an associated
integrated signal, each of all the nodes and each of all
the integrators being connected as a set of node/
integrator pairs,

wherein the sampler samples the integrated signal pro-
duced by a last integrator of said set of node/integrator
pairs.

39. The delta-sigma modulator of claim 38 wherein: (1)
cach optoelectronic sampler of the set of N optoelectronic
samplers has an electrical output coupled with an associated
quantizer of the set of N quantizers, (i1) an electrical input
coupled with the last integrator, and (ii1) an optical input for
receiving optical pulses from the signal splitter, each opto-
clectronic sampler modulating the amplitude of the optical

pulses derived from the signal splitter according to the
integrated signal.

40. The delta-sigma modulator of claim 39 wherein the
optical pulses from the optical pulse generating device are

encoded by having different wavelengths associated there-
with.

41. The delta-sigma modulator of claim 40 wherein the
signal splitter 1s a wavelength-division-multiplexing
(WDM) splitter for separating the optical pulses into N
different outputs according to their wavelengths, the outputs
of the wavelength-division-multiplexing (WDM) splitter
being coupled with the set of N optoelectronic samplers to
deliver different wavelength separated pulses to different
samplers.

42. The delta-sigma modulator of claim 38 further com-
prising at least one additional set of gates for gating the
digital to analog modulators, the number of additional sets
of gates for gating each digital to analog modulator equaling
the number of node/integrator pairs 1n said set wherein each
assocliated gate 1s connected 1n set between one of the digital
to analog modulators and an associated one of said nodes,
cach digital to analog modulator being connected to a
number of gates equalling the number of node/integrator
pairs.

43. The delta-sigma modulator of claim 42 wherein the
signal splitter 1s a wavelength-division-multiplexing
(WDM) splitter for sequencing the optical pulses for con-
trolling the gates.

44. The delta-sigma modulator of claim 43 wherein the
gates are photoconductive gates controlled by optical pulses
coupled from the wavelength-division-multiplexing (WDM)
splitter.

45. A delta-sigma modulator having N channels and being,
of a Yth order, with Y being an integrator equal or greater
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than one and N being an integer equal to or greater than 2,
the modulator comprising:

a set of Y node/integrator pairs connected in a set, the
nodes of which produce a difference signal equal to the
difference 1n magnitude between a continuous time
analog 1nput signal having a frequency F and N feed-
back signals generated from N digital output signals
and the integrators of which are coupled with an
assoclated node and integrate the difference signal from
the associated node to produce an integrated signal for
a node/integrator pair;

a set of N optoelectronic samplers each of which samples
the integrated signal from a last node/integrator pair 1n
said set and produces a sampled mtegrated signal,;

a signal splitter connected to the set of N optoelectronic
samplers, the signal splitter for separating the optical
pulses supplied by an optical pulse generating device
into N different outputs, the outputs being coupled with
at least the set of N optoelectronic samplers to supply
different optoelectronic samplers with different pulses;

a set of N quantizers, each quantizer being coupled with
one of said samplers and having a frequency response
less than F, but of at least F/N, the quantizers each
quantizing a portion of the sampled integrated signal
and said set of N quantizers collectively producing the
N digital output signals; and

at least one set of N digital to analog converters for
converting a respective digital output signal from the N
digital output signals into a corresponding one of said
N feedback signals for application to each of said
nodes.

46. The delta-sigma modulator of claim 45 wherein: (1)
cach optoelectronic sampler of the set of N optoelectronic
samplers has an electrical output coupled with an associated
quantizer of the set of N quantizers, (i1) an electrical input
coupled with the last node/integrator pair in said set, and (1i1)
an optical input for receiving optical pulses from the signal
splitter, the optoelectronic sampler modulating the ampli-
tude of the optical pulses derived from the signal splitter
according to the integrated signal of the last node/integrator
pair 1n said set.

47. The delta-sigma modulator of claim 46 wherein the
optical pulses from the optical pulse generating device are
encoded by having different wavelengths associated there-
with.

48. The delta-sigma modulator of claim 47 wherein the
optical pulse generating device 1s a laser.

49. The delta-sigma modulator of claim 47 wherein the
signal splitter 1s a wavelength-division-multiplexing
(WDM) splitter for separating the optical pulses into N
different outputs according to their wavelengths, the outputs
of the wavelength-division-multiplexing (WDM) splitter
being coupled with the set of N optoelectronic samplers to
supply different optoelectronic samplers with different
wavelength separated pulses.

50. The delta-sigma modulator of claim 45 further includ-
ing Y sets of N gates for gating N*Y feedback signals onto
respective nodes of the set of Y node/integrator pairs so that
cach node of the Y node/integrator pairs receives N feedback
signals with each one of said at least one set of N digital to
analog convertors being associated with up to Y gates.
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51. The delta-sigma modulator of claim 50 wherein the
said Y sets of N gates are controlled by optical pulses
supplied by a wavelength-division-multiplexing (WDM)
splitter.

52. The delta-sigma modulator of claim 51 wherein the
said Y sets of N gates are photoconductive gates controlled
by said optical pulses from said optical pulse generating,
device.

53. The delta-sigma modulator of claim 51 whereimn the
sampler and the wavelength-division-multiplexing (WDM)
splitter are supplied optical pulses from said optical pulse
generating device.

54. A method for increasing a sampling rate of an optical
delta-sigma modulator having at least one channel compris-
ing the steps of:

adding one or more channels to said optical delta-sigma
modulator, wherein each channel 1in said one or more
channels comprises a photodetector, a quantizer con-
nected with said photodetector and a digital to analog
converter connected with said quantizer;

addressing said channels 1n a time-interleaved manner
such that each channel handles a subset of an 1nput to
said optical delta-sigma; and

supplying an output of each of said channels to a first

node.

55. The method of claim 54 wherein said optical delta-
sigma modulator 1s of a Yth order, with Y being an integer
orcater than or equal to one, said optical delta-sigma modu-
lator having a set of Y nodes, wherein the output of each of
said channels 1s supplied to each node 1n said set of Y nodes,
said first node being included 1n said set of Y nodes.

56. The method of claim 54 further comprising the step of
connecting at least one photoconductive gate with each
digital to analog converter in each of said channels.

57. A method for improving a delta-sigma modulator
having at least one channel comprising the steps of:

integrating an analog 1nput signal prior to optically sam-
pling said analog mput signal to produce an optically
sampled integrated signal;

time-interleaving the optically sampled integrated signal
among a plurality of channels; and

combining an output of each of said plurality of channels

into a first node.

58. The method of claim 57 wheremn said delta-sigma
modulator 1s of a Yth order, with Y being an integer greater
than or equal to one, said delta-sigma modulator having a set
of Y nodes, wherein the output of each of said plurality of
channels 1s supplied to each node 1n said set of Y nodes, said
first node being included in said set of Y nodes.

59. The method of claim 57 further comprising the step of
assoclating at least one photoconductive gate with each of
said plurality of channels.

60. A method of providing an improved optical delta-
sigma modulator comprising the steps of:

subtracting an analog signal and N feedback signals, said
N feedback signals being generated from N channels to
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produce a first difference signal wherein N 1s an integer
oreater than or equal to two;

integrating said first difference signal to produce an
integrated signal;

splitting said integrated signal 1into said N channels;

optically sampling said integrated signal in each of said N
channels to produce N optically sampled signals;

quantizing cach of said N optically sampled signals to
produce N quantized signals; and

cgenerating said N feedback signals from said N quantized
signals.

61. The method of claam 60 wherein said optical delta-
sigma modulator 1s of Yth order, with Y being an integer
oreater than or equal to one further comprising the steps of:

providing said N feedback signals to each node 1n a set of
Y nodes, said set of Y nodes being connected 1n series;
and

inserting an integrator between each of said Y nodes 1n
said set of Y nodes resulting 1in Y node/integrator pairs.

62. The method of claim 60 further comprising the step of
cgating 1n a time-1nterleaved manner each of said N feedback
signals.

63. An optical delta-sigma modulator comprising:

a set of N channels, wherein each channel 1n said set of
N channels comprises a photodetector, a quantizer
connected with said photodetector and a digital to
analog converter connected with said quantizer, each
channel 1n said set of N channels having an input and
an output, wherein N 1s an integer greater than or equal
to two;

a splitter having a plurality of splitter outputs, each output
of said plurality of splitter outputs coupled with an
input of an associated channel 1n said set of N channels,
said splitter for splitting an input signal to said optical
delta-sigma modulator 1nto said set of N channels such
that each channel handles a subset of said input signal;
and

a combiner connected with said outputs of said set of N
channels for combining said subsets of said 1nput
signal.

64. The optical delta-sigma modulator of claim 63
wherein said optical delta-sigma modulator 1s of a Yth order,
with Y being an integer greater than or equal to one, said
optical delta-sigma modulator having a set of Y nodes,
wherein the output of each of said set of N channels 1s
supplied to each node 1n said set of Y nodes, said combiner
being included in said set of Y nodes.

65. The optical delta-sigma modulator of claim 63 further
comprising at least one photoconductive gate connected
with each digital to analog converter in each channel of said
set of N channels.
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